Gap junction channels are required for normal cardiac impulse propagation, and gap junction remodeling is associated with enhanced arrhythmic risk. Oculodentodigital dysplasia (ODDD) is a multisystem syndrome due to mutations in the connexin43 (Cx43) gap junction channel gene. To determine the effects of a human connexin channelopathy on cardiac electrophysiology and arrhythmogenesis, we generated a murine model of ODDD by introducing the disease-causing I130T mutant allele into the mouse genome. Cx43 abundance was markedly reduced in mutant hearts with preferential loss of phosphorylated forms that interfered with trafficking and assembly of gap junctions in the junctional membrane. Dual whole-cell patch-clamp studies showed significantly lower junctional conductance between neonatal cell pairs from mutant hearts, and optical mapping of isolated-perfused hearts with voltage-sensitive dyes demonstrated significant slowing of conduction velocity. Programmed electrical stimulation revealed a markedly increased susceptibility to spontaneous and inducible ventricular tachyarrhythmias. In summary, our data demonstrate that the I130T mutation interferes with Cx43 posttranslational processing, resulting in diminished cell-cell coupling, slowing of impulse propagation, and a proarrhythmic substrate.
G
ap junction channels are required for normal cardiac impulse propagation, and abnormalities in the expression of such channels, a process known as gap junction remodeling, are associated with enhanced arrhythmic risk (1) . Oculodentodigital dysplasia (ODDD) is a multisystem disorder due to mutations in the connexin43 (Cx43) gap junction channel gene, characterized by craniofacial and limb dysmorphism, neurological symptoms, and infrequent cardiac abnormalities, including arrhythmias (2) . Using exogenous expression systems, several groups have explored the cellular phenotypes arising from ODDD diseasecausing Cx43 mutations. These studies demonstrate a range of abnormalities, including mutant proteins that fail to traffic normally to the junctional membrane and others that traffic efficiently but nonetheless have decreased channel function. In some cases, the mutant protein dominantly inhibits channel activity when coexpressed with wild-type Cx43 (3) (4) (5) (6) (7) (8) , consistent with the autosomal dominant mode of inheritance of ODDD and reminiscent of the behavior of a subset of potassium channel mutants responsible for long QT syndrome (9) . To date, none of the naturally occurring ODDD mutations have been examined in vivo, although a recent report indicated that a glycine-to-serine missense mutation at residue 60 within the highly conserved first extracellular loop of Cx43 recapitulated some features of ODDD (10) . To characterize the molecular pathogenesis of an inherited Cx43 gap junction channelopathy, we developed an in vivo model of ODDD by introducing the human disease-causing I130T mutation into the murine genome. Family members harboring this mutation, which resides in the cytoplasmic loop domain, appear to have an increased incidence of cardiac rhythm disturbances (2) . Accordingly, our analysis focused on electrophysiological manifestations in this model.
Results

Survival Disadvantage in ODDD Mutant
Mice. To explore the molecular pathogenesis of ODDD and to determine the effects of the disease-causing I130T Cx43 mutation on cardiac impulse propagation and arrhythmogenesis, we established a murine model of this syndrome, using the targeting strategy shown in Fig. 1 . Northern blot analysis demonstrated equivalent levels of Cx43 mRNA abundance in the hearts of heterozygous mutant mice and wild-type littermate controls, indicating that the targeting event did not interfere with expression at the messenger RNA level (Fig. 1E) . Mutant mice displayed a survival disadvantage, because significantly fewer than the Mendelian proportion of neonatal heterozygous Cx43 I130T/ϩ mice (36%, 76 of 210) were produced from matings between heterozygotes and wild types ( 2 ϭ 16.0; P Ͻ 0.00001), and no Cx43
homozygotes (0%, 0 of 77) were identified in crosses between heterozygous mating pairs. Histological examination of adult Cx43 I130T/ϩ hearts (n ϭ 5) did not reveal any of the morphological abnormalities reported in Cx43 ϩ/Ϫ germ-line knockout (11, 12) or Cx43
Jrt/ϩ G60S mutant mice (10), such as right ventricular outflow obstruction, atrial septal defect, or patent foramen ovale, and echocardiographic assessment of LV structure and contractile function showed no significant differences between adult Cx43
I130T/ϩ mutant mice and littermate controls ( Fig. 2 A  and B) . The basis for the embryonic mortality in mutant mice was not pursued further in this study. Interestingly, almost all (93%, 71 of 76) Cx43
I130T/ϩ mice displayed hind-limb syndactyly, a characteristic phenotypic feature observed in human ODDD patients ( Fig. 2 C-F) .
Aberrant Phosphorylation and Trafficking of Cx43 in ODDD Mutant
Hearts. Western blot analysis demonstrated that the abundance of total Cx43 protein in hearts from heterozygous ODDD mutant mice was significantly reduced, to 9.7 Ϯ 2.3% of the levels in wild-type littermate controls (wild type, 100 Ϯ 9.0; ODDD, 9.7 Ϯ 2.3; P Ͻ 0.0001), consistent with a dominantnegative effect of the mutant protein on the stability of wild-type Cx43 (Fig. 3A) . Interestingly, the abundance of the P0 variant of Cx43 was not significantly different in wild-type and ODDD mutant hearts (Fig. 3A) , and the difference in total Cx43 was accounted for entirely by a specific reduction in the processed phosphorylated P1 and P2 forms in ODDD mutant hearts (Fig.  3B ), as determined with antibodies specific for phospho365-Cx43 (P1) and phospho325/328/330-Cx43 (P2). These data are summarized in Fig. 3C .
Expression of connexin45 and connexin40 was not statistically different in mutant and wild-type hearts (data not shown), nor were a panel of other junctional proteins with the exception of desmoplakin, which showed a 36% increase in the mutant hearts compared with controls (wild type, 100 Ϯ 10.0% (n ϭ 4); ODDD, 136 Ϯ 6.0% (n ϭ 4); P ϭ 0.014), as shown in Fig. 3D .
The consequences of aberrant biochemical processing of Cx43 on gap junctional formation were evaluated by immunohistochemical staining. Compared with wild-type controls (Fig. 4A) , there was a marked reduction in accumulation of Cx43 at the junctional membrane, as visualized with antibodies recognizing all forms of Cx43 (Fig. 4B) . Moreover, consistent with Western blot analyses showing reductions in posttranslationally modified P1 and P2 isoforms, immunohistochemical staining with these same phospho-specific Cx43 antibodies demonstrated a dramatic loss of phosphorylation at serines S325/328/330 ( Fig. 4 C and D) as well as S365 (Fig. 4 E and F) . Phosphorylation of Cx43 at S365 is involved in gap junction assembly and formation of the P1 isoforms, whereas phosphorylation at S325/328/330 is involved in P2 formation and thought to be a target of casein kinase 1␦ (13, 14) . The parallel acute loss of total Cx43, pS325/328/330, and pS365 indicates reduced formation of gap junctional structures at intercalated disks. We also examined phosphorylation at the PKC-specific site S368; the level of staining was low in wild type and absent in ODDD hearts (data not shown).
Junctional Conductance and Lucifer Yellow (LY) Dye
Transfer Is Reduced in Cells from ODDD Mutant Hearts. Dephosphorylation of Cx43 in cardiomyocytes has been associated with cellular uncoupling. Accordingly, we next evaluated junctional conductance in cell pairs from neonatal hearts of ODDD mutant mice and littermate controls. Consistent with this notion, junctional conductance was significantly reduced in ODDD mutant cell pairs compared with wild-type controls (wild type, 15.7 Ϯ 1.4 nS (n ϭ 19); ODDD, 7.9 Ϯ 2.4 nS (n ϭ 11); P ϭ 0.006), as summarized in Table 1 . Junctional currents recorded in response to transjunctional voltage ramps from representative wild-type and ODDD heterozygote cardiac myocyte pairs are shown in Fig. 5A ; voltage dependence of junctional currents in both genotypes is apparent in junctional currents at the highest transjunctional voltages. Interestingly, the extent of reduction in coupling between heterozygous ODDD mutant cell pairs is similar to that reported for Cx43
Ϫ/Ϫ myocytes from germ-line Fig. 5 
B-D.
Impulse Propagation Is Slowed and Arrhythmia Propensity Is Increased in ODDD Mutants. We next determined whether the reduction in cell-cell coupling was associated with alterations in cardiac impulse propagation. Baseline surface ECGs in lightly anesthetized mice were performed as described (16, 17) , and results are summarized in Table 1 . We observed no differences in heart rate, PR interval, or QT interval corrected for heart rate (QT c ). There was a trend toward prolongation of the QRS interval, but this did not reach statistical significance, although there are limitations associated with surface electrocardiography, as discussed (18) . Interestingly, mutant mice displayed diminished amplitude of the QRS complex (Fig. 6A ), a phenomenon similar to that observed in Cx43 conditional knockout mice (16) . The ratio of R wave/P wave amplitude was significantly reduced in ODDD mutant mice, as shown in Table 1 .
To assess conduction properties more directly, left ventricular epicardial conduction velocities were determined by optical recordings in isolated-perfused hearts using voltage-sensitive dyes. We observed that conduction velocity in both the longitudinal (CV max ) and transverse directions (CV min ) was significantly slowed compared with wild-type controls ( Fig. 6B and Table 1 ). Inasmuch as conduction slowing is a major contributor enhancing the propensity for reentrant ventricular arrhythmias, we also performed provocative programmed electrical stimulation to assess arrhythmic potential in mutant hearts and littermate controls. All eight ODDD mutant hearts displayed inducible (six of eight) or spontaneous (two of eight) sustained ventricular tachycardia (VT), whereas no wildtype hearts had sustained arrhythmias ( 2 ϭ 14; P Ͻ 0.001) (Fig. 6C) .
In summary, we have developed a murine model of an inherited connexin channelopathy. Our data indicate that aberrant posttranslational processing of the mutant Cx43 is associated with diminished trafficking and assembly of junctional channels, reduced intercellular coupling, slow conduction, and enhanced arrhythmic potential. The markedly reduced steadystate abundance of Cx43 indicates that the mutant protein exerts a dominant-negative effect on wild-type Cx43, presumably through oligomerization of mutant and wild-type monomers and degradation of the resulting complex. This behavior is similar to that observed in Cx43
Jrt/ϩ mutant mice (10) and is consistent with the autosomal-dominant mode of inheritance of ODDD. In addition to changes in gap junction abundance at the intercalated discs, the aberrant posttranslational phosphorylation of Cx43 may influence the gating properties of assembled gap junction channels, as has been reported by several groups (19-21) and reviewed in refs. 20 and 22. Although the relative contribution of each of these mechanisms to the diminished cell-cell coupling we observe will require further study, our functional analysis of junctional conductance indicate that cell-cell coupling in ODDD cell pairs approximates that observed in Cx43-null myocytes from germ-line knockout mice (15) . Interestingly, we did not observe overt structural defects in the hearts of Cx43 I130T/ϩ mice, unlike the Cx43 Jrt/ϩ mutant mice reported by Rossant and colleagues (11) . The G60S mutation identified in those mice resulted from an unbiased chemical mutagenic screen, which may facilitate the recovery of phenotypes more severe than naturally occurring human mutations such as the I130T missense mutation reported in this study.
Importantly, the molecular pathology in Cx43 I130T/ϩ mutant mice appears similar to derangements observed in acquired gap junction remodeling, in which hypophosphorylation and diminished accumulation of functional channels at the intercalated disk are stereotypical findings (1) . These mechanistic similarities suggest that the I130T ODDD mutant mice may serve as a useful platform to test therapies to ameliorate the functional consequences of gap junction remodeling. 
Methods
Mice. Site-directed mutagenesis was performed to introduce the disease-causing I130T point mutation into the same gene-targeting vector used to conditionally inactivate Cx43 in the heart and other lineages (23) (24) (25) . Targeting was performed in the 129/Sv-derived ES cell line R1 (23, 26) . Screening for correct recombinants was performed by Southern blot and PCR analysis, also as described (10) . One correctly targeted ES clone was injected into C57BL/6 blastocysts. Highly chimeric male mice were crossed with wild-type CD1 females to generate F1 Cx43 I130T/ϩ heterozygous mutant mice. For all experiments, wild-type littermates were used as controls. All experiments were performed in accordance with the regulations of our Institutional Animal Care and Use Committees.
Western Blot Analysis. Cardiac lysates were prepared from 20-to 25-week-old animals, and Western blots were performed as described with a panel of antibodies to connexins, phosphospecific forms of Cx43, and a panel of junction-associated proteins, as detailed in Fig. 3 and refs. 13, 27, and 28 . The level of antibody binding was quantified by using the Li-Cor imaging system, and loading was normalized to GAPDH.
Immunohistological Analyses. Staining was performed on formalin-fixed paraffin sections of hearts from wild-type and Cx43 I130T/ϩ mice as described (27, 29) .
Dual Whole-Cell Patch-Clamp Analyses and Lucifer Yellow Dye Transfer. Hearts obtained from individual pups from matings between wild-type and Cx43 I130T/ϩ mice were dissociated and Lucifer yellow dye transfer assays, and dual whole-cell patch-clamp studies were performed as described (15, 30) . After genotype was determined, results from wild type and heterozygotes were pooled for statistical analysis.
Electrocardiography. Surface ECGs were recorded from mice lightly anesthetized with inhaled isoflurane. ECG acquisition was performed by using AcqKnowledge 3.9.1 (Biopac Systems). Thirty seconds of continuous data were signal-averaged, and intervals were determined according to reported methods (16, 17) .
Optical Mapping and Arrhythmia Induction. Optical mapping of voltagedependent signals in isolated-perfused hearts was performed, and ventricular conduction velocities in the longitudinal (CV max) and transverse (CVmin) directions were calculated. Pixels near the stimulation site (Ͻ1 mm) were excluded to remove any stimulus artifacts and at a distance (Ͼ3 mm) to exclude potential wavefront collisions and 3D-wave propagation, as described (23, (31) (32) (33) . Programmed electrical stimulation to assess arrhythmia inducibility was performed by decremental pacing, starting with a paced cycle length (PCL) of 100 ms for 700 beats and reducing the PCL by 10 ms until either an arrhythmia was induced or capture was lost. The protocol was repeated up to three times if no arrhythmia was induced during the first two runs. Arrhythmias lasting longer than 2 min were considered sustained.
Statistical Analysis. Data are expressed as mean Ϯ SEM. The t test was used to compare experimental groups, with the exception of survival analysis and arrhythmia inducibility, in which case the c 2 test was used. A P value Ͻ0.05 was considered statistically significant in all cases.
